The effect of delayed thrombolysis with re combinant tissue plasminogen activator was tested in an embolic stroke model. The carotid territory was embo lized in 103 rats with fibrin-rich clots formed and washed in polyethylene tubes. Hemispheric cerebral blood flow before and after embolization was measured by the intra arterial 133Xe injection method. At five delay times, 15-240 min after embolization, 69 animals were treated with tissue plasminogen activator, 20 mg/kg, and 34 animals with saline. Carotid angiography displayed the grade of occlusion of the cerebral arterial supply before and after treatment. Brains were fixed after 2 days, evaluated neu ropathologically, and infarct volume measured. Cerebral blood flow was reduced by 56-71% after embolization.
Reperfusion induced by thrombolytic therapy was dem onstrated by comparing the posttreatment angiography of the pooled five treatment groups to control animals. Thrombolytic therapy significantly reduced the infarct volume and improved the prekill clinical score by up to 2 h of treatment delay, and treatment might have been ben eficial even after 4 h delay. Prolonging the delay of treat ment increased the infarct volume (p < 0.001, 10nck heere-Terpstra test). Only a few hemorrhagic complica tions were observed. Thus, thrombolytic therapy in embolic stroke induced recanalization. The effect on clin ical outcome and infarct volume was dependent on delay time. Key Words: Thrombolysis-rt-PA-Embolic stroke model-Rat-Carotid angiography. cant effect only in the group treated up to 30 min after onset of ischemia. In rats embolized with hu man whole blood clots, Papadopoulos et al. (1987) showed an effect on reperfusion and on EEG re cordings after rt-PA administration starting at 2 h.
With a longer delay, both the benefit and the safety might decrease (Brott, 1991) . In the "Urgent Therapy for Stroke" pilot study Haley et al., 1992) , the neurologic recovery ap peared to be better and the bleeding complications appeared less frequent in patients treated within 90 min after symptom onset compared with those treated within 90-180 min. In the Burroughs Wellcome Study (Del Zoppo et aI., 1992) , late thrombolysis after 6 h was associated with a signif icantly higher frequency of intracerebral hemor rhagic complications. In a Danish multicenter clin ical trial of 21 stroke patients treated after up to 6-h delay, there was a correlation between brain tissue reperfusion and clinical improvement (Overgaard et al., 1992d) . Lyden et al. (1989) and Del Zoppo et al. (1990) found a similar frequency of hemorrhagic transfor mation of infarctions in rabbit and baboon stroke models regardless of whether the thrombolysis was started 90 or 180 min after induction of ischemia. In our laboratory, we found a significant effect of thrombolysis on clinical recovery, mortality, infarct size, and edema development in three different em bolic stroke rat models (Overgaard et al., 1992a (Overgaard et al., , 1993 ) when rt-PA was administered 15 min after embolization with almost no hemorrhagic complica tions.
The purpose of the present investigation was an exploration of the delayed response of thrombolytic therapy in an experimental embolic model of cere bral ischemia. This model has the advantage that infarction can be avoided, provided that thrombol ysis is started 15 min after embolization (Overgaard et al., 1993) . The effect on infarct volume by delay ing the thrombolysis is therefore important, and might add useful information in the evaluation of ongoing clinical trials.
MATERIALS AND METHODS
One hundred three male Sprague-Dawley rats weighing 300-400 g were used. The animals had free access to food and water. After giving diazepam intraperitoneally, anes thesia was obtained by subcutaneous administration of fluanisone and fentanyl as previously described (Over gaard et aI., 1992a) . The anesthesia does not require ar tificial respiration but produces slight hypoventilation. The body temperature was kept between 37 and 38°C by rectal temperature monitoring and thermostat-controlled heating of the operating table.
The right femoral artery and vein were catheterized with a PP 25 (ID 0.4 mm) tube, the arterial line was filled with 0.5 ml saline containing heparin 5 IU/ml, and was clamped. The venous line was kept patent by continuous flow of saline at a rate of 0.5 mllh. Mean arterial blood pressure (MABP) and arterial Pao2, Paco2, and pH were measured twice (Radiometer ABL 2, Copenhagen, Den mark).
Preparation of the emboli
Arterial rat blood was aspirated into a 30-cm PP 50 (ID 0.56 mm) tube and left for 2 h clotting at room tempera ture, and for 22 h at 4°C. Then 50 mm of the tube con taining a single retracted cylindric clot was cut off and attached tightly in the middle of a system build of two syringes, interconnected by a 30-cm PP 50 tube filled with saline. The clot was moved repeatedly forward and back ward within the tube by alternate compression of the sy ringes for 5 min. The clot had a volume of -1 ILl. The syringes were left for 30 min until embolization in another individual as previously described (Overgaard et aI., 1993) .
Carotid operation procedure
The right external carotid artery (ECA) and its branches were exposed; the pterygopalatine, thyroid, and occipital arteries were ligated; and a polyethylene PP 25 catheter was inserted through a transverse arteriotomy with the tip 2 mm distal to the bifurcation and fixed with ligatures. During this maneuver, disturbance of the blood flow in the internal carotid artery (ICA) was avoided, and care was taken not to injure the intima. Clotting in the catheter was avoided by continuous flow of heparinized (5 Vim!) saline through the line at a rate of 0.5 mllh and flushing the line after each disconnection for injections (emboli, X-ray contrast and 133Xe) by increasing the in fusion speed to 30 mllh for 5 s.
Embolization and cerebral blood flow (CBF) measurements
Just before and after embolization, CBF was measured using an intracarotid bolus injection of 0.15-0.20 ml saline containing 133Xe (5-10 mCi/ml, Amersham, Denmark). Clearance was recorded by external detection with a col limated Nal(Th) crystal placed over the right middle ce rebral artery (MCA) area.
Angiography
Immediately after and 3 h (or, in the 4-h delay group, 5 h) after embolization, angiography was performed via the carotid catheter by bolus injection of 0.2 ml heparinized (5 U/ml) iohexol (Omnipaque, 300 mg IU ml, Nycomed, Denmark). Technical data have been reported earlier (Overgaard et aI., 1992b) . Angiograms (Fig. 1 ) were eval uated blindly by a neuroradiologist according to the fol lowing score: 0 = patent arteries, 1 = MCA branch oc clusion, 2 = MCA-stem occlusion, 3 = ICA occlusion.
rt-P A administration
The treated animals received rt-PA (Actilyse, Boeh ringer Ingelheim, Germany) 20 mglkg, 1 mg/ml intrave nously (Overgaard et aI., 1992c) starting 15, 30, 60, 120, and 240 min after embolization and administered during 45 min as a continuous infusion using a Harvard infusion pump. The control animals received an equal amount of saline.
After the second angiography, femoral and neck wounds were closed after ligation of vessels. The anes thesia was reverted with naloxone (Narcanti, Du Pont Pharmaceuticals, Stevenage, V.K.), 0.1 mg i.m. Two hours after recovering from anesthesia, the neurologic status was evaluated according to Bederson et al. (1986) : Normal rats were assigned grade 0, flexion of contralat eral forelimb, grade 1, reduced resistance to lateral push, grade 2, spontaneous circling toward the paretic side, grade 3.
Preparation of brain tissue and measurement of infarct size
After 2 days, the surviving animals were once again rated according to the Bederson score. The animals were subsequently anesthetized and killed by cardiac perfusion fixation with 4% phosphate-buffered formalin solution, pH 7.2. In the perfusion-fixed animals and in the animals dying before this procedure, the brains were carefully removed, postfixed, and dehydrated during 5 days, em bedded in paraffin and cut at 4-lLm section thickness. In each brain, -17 horizontal sections, with a distance of 0.4 mm between each, were obtained and stained with hema toxylin-eosin. The infarcted area (Fig. 2) was delineated under a microscope by a drawing pen, using a flat-bed scanner and a digital picture analysis program developed for an IBM-compatible personal computer (Sidney Data, Bent Larsen, Copenhagen, Denmark). The affected hemi sphere and infarct volumes were calculated as areas mul tiplied by the distance between sections. The measure ments were performed without knowledge of the treat ment regimen. Calculations and statistical analyses CBF was measured twice: immediately before and after embolization. The weight of the animals was measured twice: at the induction of anesthesia and just before kill ing. CBF reduction and body weight reduction were cal culated as the following ratio: (l st -2nd value)/lst value.
Because all our data were either nominal or could be placed on rank ordinal or ratio-interval scales, nonpara metric statistical analyses were performed. There was no apparent normal distribution of values. Because many of our results were placed at one end (0 or maximum value) on a rank scale, the following tests were used: Mann Whitney U test for unpaired observations, Wilcoxon matched-pairs test for paired observations, the Spearman test for correlation of ranked pairs, and the 10nckheere Terpstra test (Siegel and Castell an , 1988) for trend in or dered alternatives.
RESULTS
All treated groups had significantly lower post treatment pH (p < 0.05), and the three groups with longest treatment delay had significantly lower posttreatment MABP (p < 0.05), when compared J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 with controls (Mann-Whitney tests). The main re sults are displayed in Table 1 .
Effect of embolization
There was no significant difference among the different groups in CBF measurements, but the oc clusion grade differed significantly (p = 0.04, Mann-Whitney tests) in the groups with 30-min and 120-min delay upon comparing the first angiograms of each group with the controls according to the scale described in Materials and Methods.
Effect of the thrombolytic therapy
Recanalization. Significant recanalization, as as sessed by comparing the pre-and posttreatment an giograms (Fig. 1) (Table 1) . This effect did not reach significance in the 4-h delay group.
Reduction of infarct volume. There was a signif icant infarct reduction by thrombolysis after up to 2 h of treatment delay (Table 1 ). With increasing time of delay, the infarct volume increased (p < 0.000 1, Jonckheere-Terpstra test). In all animals, the in farctions (Fig. 2) were located in the right hemi sphere ipsilateral to embolization in the territory supplied by the MeA, typically within the striatal, cortical, and thalamic areas. The infarctions showed necrosis of all cell types with sparse signs of inflammation. Sporadic petechial hemorrhagic transformations (Fig. 2) within the infarcted area appeared in a few of the thrombolyzed animals, but there were no confluent hemorrhages. Most infarcts were small in size and caused no mass effect. In the groups with delay up to 60 min, neocortical infarcts were rarely seen. Almost all infarcts were clearly demarcated, with a neuropathologic border zone of only 5-10 cells in width.
Correlation between angiographic and clinical findings and infarct volume. The animals that were completely recanalized developed smaller infarc tions than the nonrecanalized animals (p = 0.05;
Mann-Whitney test). The body weight reduction correlated with the infarct volume among all treated animals (R = 0. 47; p = 0.0002) (Spearman test).
Sixteen animals that died before killing, evenly dis tributed among the groups, had larger infarctions (p = 0. 024) and larger hemisphere volumes (p = 0. 00 1) than the survivors (Mann-Whitney tests).
DISCUSSION
In this model, we found a clear delay-response of thrombolysis. This finding is in full agreement with the report of Chehrazi et al. (1989) . We found a significant benefit after up to 2 h of treatment delay in both clinical finding and infarct size. Even the 4-h delay treatment reduced the infarcts by 69% and In that model, complete reperfusion measured by autoradiography was not obtained after removal of the thread. Their study therefore does not exclude an effect of complete reperfusion after a delay longer than 90 min. Vol. 14, No.3, 1994 The subcortical regions, especially the striatal ar eas, seemed to be the primary and most sensitive regions for the development of infarction following MCA ischemia. The cause might be insufficient col lateral perfusion and/or higher ischemic vulnerabil ity of the nerve cells in these regions. Thrombolytic therapy does not induce major intracranial hemor rhage in our model. The experimental design with only 2 days of survival was not designed for evalu ation of late hemorrhagic transformation. The healthy vasculature of our experimental animals might explain the resistance to bleeding, which could be different from the clinical situation.
As indicated in the Results section and as can be seen in Table 1 , in the 30-and 120-min delay groups, the grade of occlusion immediately after emboliza tion was significantly lower compared with con trols. This might also be the case in the 240-min group, although it was not statistically significant.
Because the CBF reductions after embolization in two of these three treatment groups were more pro nounced than in the control groups, it is unlikely that the animals in the treatment group were ren dered less severely ischemic by the embolization. It seems that a delay of the treatment does not influence the capability of rt-PA to reopen the ves sels, provided that aged (but not organized) clot is used for embolization. The clot used was basically a whole-blood clot (Overgaard et al. , 1993) ; the wash ing procedure removes more red cells than fibrin, resulting in a clot with a dense mesh of fibrin, which is the target of plasmin. In all groups, some spon taneous recanalization appeared upon comparing the two angiograms in each animal, but only in the two groups with the longest delay was there a sig nificant difference in recanalization grades upon comparing the posttreatment angiograms with con trol animals. In the group with the longest delay, the angiography was performed later after embolization than in the first four treated groups, which could allow the spontaneous thrombolytic activity to con tribute more to the recanalization. The difference in the group with a l20-min delay is not easily ex plained, however, but might be a consequence of a larger number of animals in this group, which de creases the risk of type II error. Phillips et al. (1990) reported successful recanalization of emboli zed ar teries when a t-PA analog was administered 3 h af ter embolization.
The pathophysiologic consequences of embolic occlusion in a rat model differ from the human sit uation in that the clot surface-to-volume ratio is greater, and thereby the possible action of intrinsic t-PA activity from endothelial cells is much larger, because the vessels are much smaller. This effect competes with the effect of the administered rt-PA.
By producing relatively resistant clots with me chanical strength and low intrinsic lysability, and with a high content of fibrin compared with red cells, the confounding effect of spontaneous disin tegration of the clot has been minimized (Overgaard et aI., 1993) . Another problem is the poor affinity of human-derived rt-PA to rat plasminogen [�1O% compared with human plasminogen (Korninger and Collen, 1981) ]. This problem was overcome by us ing 20 mg rt-PA/kg body weight (Overgaard et aI., 1992c) which is comparable to a dosage of � 1 mg/kg used in most human trials.
In this model, the infarcts were small compared with a previously described model using multiple microclots (Overgaard et aI., 1992a,b) and were rarely lethal. Consequently, there was no difference in survival between treated groups and control groups.
We cannot estimate the beneficial and safe "de lay window" in the human situation, but our results call for administration of thrombolytic therapy as soon as possible after onset of stroke. Further stud ies with other experimental setups are needed for the evaluation of delay response and adverse bleed ing effects.
